L-Asparagine uptake by Stemphylium botryosum is mediated by two distinct energy-and temperature-dependent transport systems. One permease is relatively specific for L-asparagine and L-glutamine and is present in nutrientsufficient mycelium. The other is a nonspecific permease which develops upon mycelial starvation. The specific permease shows an optimum pH at 5. ,umol/g per min, Kf = 7.4 x 10-5 M for L-leucine), and high affinity towards various types of amino acids.
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Filamentous fungi have been shown to possess three natterns of membrane transport specificity for amino acids. The first is a nonspecific or general transport system (permease) with broad specificity towards L-a-amino acids (1, 2, 11) . This system develops by either nitrogen or carbon starvation (2, 11). The second is group-specific permeases that catalyze the uptake of structurally similar amino acids. This pattern is exemplified by L-a-acidic amino acids and L-a-basic amino acids perneases, respectively (6, 12, 13) . The former perrnease develops in Neurospora crassa and Penicillium chrysogenum under conditions of nitrogen or carbon deficiency (6, 13) , whereas the latter permease is present in nutrient-sufficient mycelium of these fungi (6, 12) . The third pattern is highly specific permeases which transport only a single amino acid such as proline (6) , methionine (1), or cysteine (15) . The specific permeases vary in the nutritional conditions required for their development (6) .
Although competition studies suggest that asparagine or glutamine may serve as substrates for the nonspecific transport system (2, 11) , information on any specific permeases for amides in fungi is not available. Different systems for amides uptake were detected in bacteria. In Escherichia coli highly specific permeases for either L-asparagine (17) or L-glutamine (16) have been described. The binding protein of the glutamine system was isolated and characterized (16) . On the other hand, Lasparagine uptake in Lactobacillus plantarum is mediated by a group-specific permease which can also transport L-glutamine (5) . In Streptococcus faecalis, L-asparagine appears to be taken up primarily by a nonspecific permease for which neutral amino acids have a relatively high affinity (5) .
Asparagine and glutamine are important storage forms of nitrogen in plants and favorable sources of nitrogen for fungal growth. Therefore, it is very likely that these amides serve as major nitrogen sources for the development of parasitic fungi in plant tissues. The present paper characterizes the L-asparagine transport systems which exist in the phytopathogenic fungus Stemphylium botryosum.
MATERIALS AND METHODS
Organism and culture conditions. A wild-type strain of S. botryosum pathogenic on lettuce was obtained from the Volcani Institute of Agriculture, Israel. The stock culture was maintained in petri dishes containing potato dextrose agar. Growth of 1128 BREIMAN AND BARASH mycelium for uptake assays was carried out in Roux bottles containing 100 ml of liquid medium and incubated for 5 days in 25°C. The medium was made in 0.05 M potassium buffer, pH 6.5, containing 0.5 g of MgSO4, 0.5 g of KCl, 0.3 g of K2HPO4, 0.01 g of FeSO4 7H20, 10 g of sucrose, 80 mM asparagine, and 0.05 g of chloramphenicol per liter of buffer.
Assay of ['4C]asparagine uptake. The mycelium was removed from the growth medium by suction filtration on a Buchner funnel with an Ederol filter paper (no. 15) and washed several times with deionized water by resuspension and filtration. The mycelium was then resuspended (2 g of fresh weight per 100 ml) in 0.1 M potassium phosphate buffer of a desired pH and dispersed for 30 s with the lower speed of a Waring blender. The homogenous suspension of fungal cells obtained by the latter procedure contained less than 5 mg of protein per 100 ml and negligible amounts of amino acids which did not interfere with the uptake assay.
The standard procedure for permease assay was performed in Erlenmeyer flasks (100 ml) containing 20 ml of cell suspension. The flasks were shaken for 5 min prior to the addition of the substrate and during the experiment on a reciprocal shaker at 30°C. The reaction was started by a rapid addition of i_['4C]asparagine to the cell suspension. Samples of 3 ml were taken every 30 s for at least 3 min. Uptake was terminated by filtering 3-ml portions with suction through GF/C Whatman filter paper (2.5-cm diameter) and rinsing twice with 5 ml of a cold solution containing 0.02 M sodium azide and 1 mM L-asparagine. The mycelial pad was peeled off the filter and transferred to a scintillation vial containing 0.5 ml of deionized water. Eight milliliters of Bray fluid was then added, and the sample was counted in a Packard scintillation counter model 3380. All counts were corrected for background and quenching by the external standard method. After counting the mycelium was removed from the vial by filtration, washed (1), dried for 2 h at 100°C, and weighed. Each sample contained approximately 7 mg of dried cells.
Unless otherwise indicated, the specific asparagine permease was assayed with nutrient-sufficient mycelium (after harvesting) in 0.1 M potassium phosphate buffer, pH 5.3, and in the presence of 10-2 M L-leucine. For studies of the nonspecific permease, the cells were starved for 6 h by agitation in 0.1 M potassium phosphate buffer, pH 6.7, prior to the addition of the labeled substrate. Transport was initiated by addition of 0.2 ml of L-[U4C]asparagine in a final concentration of 10-3 M (specific activity, 1.5 x 104 cpm/,umol) and 10-4 M (specific activity, 1.5 x 105 cpm/,umol) for the specific and nonspecific permeases, respectively. Transport rates in terms of micromoles per gram of dry weight per minute were calculated after establishing the specific activity (counts per minute per micromole) of the substrate under the above counting conditions. Extraction and identification of intracellular 14C-labeled metabolites. The mycelial pad was extracted twice in 5 ml of boiling 80% ethanol for 15 min. It was then removed by centrifugation, and the supernatant was taken to dryness under reduced pressure at 40°C. The residue was dissolved in 1 ml of water and passed through a column (0.75 by 4 cm) of Dowex 5OW H+ form (200 to 400 mesh). The column was rinsed with 40 ml of deionized water, and the washing was combined with the effluent, dried, and redissolved in 1 ml of water. The amino acids were eluted from the column with 30 ml of 4 N ammonium hydroxide. The cationic fraction was taken to dryness and redissolved in 0.3 ml of water. Samples of the former and latter fractions were used for radioactive determination.
Individual amino acids in the cationic fraction were separated by means of thin-layer chromatography (Kiselgel, Riedel De Haen) using (i) chloroformmethanol-ammonium hydroxide-water (8:8:3:1), (ii) n-butanol-water-pyridine (1:1:1), and (iii) n-butanolacetic acid-water (12:3:5), respectively, as the developing solvents. The amino acids were located on the chromatogram by ninhydrin spray reagent and identified with standard amino acids. For radioactive determination the areas of interest were removed from the chromatogram by scraping and transferred into scintillation vial containing 0.5 ml of 80%o methanol. Eight milliliters of Bray fluid was then added, and the sample was counted as described earlier.
To determine the intracellular concentration of Lasparagine, its area was scraped off the chromatogram and extracted with 2 ml of 80% methanol. The silica gel was removed by centrifugation, and the supernatant was taken to dryness. The amount of Lasparagine in the residue was determined by the ninhydrin procedure (10) using L-asparagine as a standard. The identity of asparagine on the chromatogram was confirmed by its enzymatic conversion to aspartate. The scraped residue was incubated at 37°C for 15 min in a tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer, pH 8.5, containing 5 units of asparaginase. Thin-layer chromatography was used for detection of aspartate and asparagine as previously described.
Chemicals. L-[U-14C]asparagine (100 mCi/mmol and >97% radiochemical purity) was purchased from Radiochemical Centre, Amersham. Asparagine and amino acid derivatives were obtained from Sigma Chemical Co. 5-Diazo-4-oxo-L-norvaline was a gift from R. E. Handschumacher, Department of Pharmacology, Yale University. All other chemicals used were of analytical grade.
RESULTS
Relationship between L-asparagine uptake and nutritional conditions of mycelium. To determine the effect of nutritional conditions on L-asparagine uptake, the initial transport rates of nutrient-sufficient mycelium and starved cells were compared (Fig. 1) . A linear transport of L-asparagine with time over the assay period was obtained for both types of mycelia. However, the initial transport rate was approximately nine times higher in the starved cells than in the nutrient-sufficient mycelium. L-Leucine at concentration of 10 E paragine uptake by more than 50% in the for-x mer but not in the latter cells (Fig. 1) . These -results suggest that S. botryosum possesses at least two transport systems for L-asparagine: a 6----nonspecific permease which develops during starvation, as reported for other fungi (1) and a more specific permease which is not affected by 1 3 5 7 9 22 i-leucine.
The observation that L-asparagine uptake by FIG. 2. Development of L-asparagine transport starved cells in the presence of leucine was systems during starvation. The mycelial suspension about fourfold higher than that of nutrient-was incubated in 0.1 M potassium phosphate buffer, sufficient cells (Fig. 1 ) could imply that starva-pH 6.7, in the presence and absence ofcycloheximide tion stimulates also the development of the spe-(10-s M), respectively. Periodically, portions of cells cific permease. The latter premise was tested from each treatment were assayed for L-WC]asparaby following the leucine-sensitive and leucine-gine uptake with and without -leucine (10- (3, 8) and is not associated with inhibition of protein synthesis.
Specificity of asparagine transport systems in S. botryosum. The structural requirements for interaction with the specific (leucine insensitive) and nonspecific (leucine sensitive) systems for L-asparagine transport were investigated by determining the effect of potential unlabeled competitors on L-[4C]asparagine uptake. Results summarized in Table 2 indicate that of all the amino acids added only L-asparagine and L-glutamine were potent inhibitors (80%) of the specific system. The observation that inhibition obtained by unlabeled asparagine or glutamine did not exceed 85% (Fig. 5) could suggest that the remaining uptake is due to free diffusion. Inhibition of 20% or less was observed with the rest of the amino acids, whereas 25% inhibition was obtained with ammonium chloride. In contrast to the specific system, representatives of the various amino acids groups such as arginine, phenylalanine, and leucine were highly inhibitory (50 to 58%) to the nonspecific permease in addition to the amides. L-aspartate was not an effective substrate for any of the investigated transport systems.
To gain more insight into the structural requirements for binding with the specific catalyst, different derivatives and isomers of L-asparagine or glutamine were tested for inhibition of the specific system (Table 3 ). In addition to L-asparagine and L-glutamine, 5-diazo-4-oxo-L-norvaline served as the most effective inhibitor. Derivatives of the 8-carboxyl group or aamino group of L-asparagine such as 63-aspartyl hydroxamate and N-acetyl asparagine, respectively, exerted significantly higher inhibition than identical derivatives of L-glutamine such as y-glutamyl hydroxamate and N-acetyl glutamine. L-asparagine-t-butyl-ester, and a-carboxyl derivative of L-asparagine, served as an ineffective competitor. The L-asparagine isomer was a preferred substrate for the specific permease as compared with the 1-isomer. Although structural derivatives of asparagine served as better competitors than those of glutamine (Table 3), competition studies with various concentrations of L-asparagine and L-glutamine, respectively, revealed a similar affinity ofthe two substrates to the specific permease (Fig. 5) .
Kinetics of L-asparagine transport. Lineweaver-Burke plots of initial transport rate obtained with the specific and nonspecific permeases are presented in Fig. 6 (Fig. 7) with a Ki of approximately 7.4 x 10-5 M.
It has been shown earlier that in starved cells the nonspecific system is responsible for 55 to 60% of the asparagine transport activity, whereas a significant amount of the remaining activity is mediated by the specific system ( Fig.  2 ; Table 2 ). Nevertheless, the apparently linear curve obtained with starved mycelium (Fig. 7) implies that a single system is involved. However, the kinetics in the latter experiment were performed at pH 6.7 with a concentration range of asparagine ten times lower than the Km of the specific system at pH 5.2. Thus, the specific system could remain masked due to suboptimal conditions for its detection. Intracellular distribution of radioactivity. Figure 8 shows the distribution of radioactivity accumulated by nutrient-sufficient mycelium when incubated with i_[14C]asparagine and ileucine over 2 h. It can be seen that above 90% of the radioactivity was retained by the soluble pool. Cycloheximide slightly inhibited the initial rates of asparagine transport, but its inhibitory effect was substantially increased after 30 min. The incorporation of radioactive amino acids into proteins was negligible and identical in the presence or absence of cycloheximide. The latter result suggests that asparagine transport and its inhibition by cycloheximide, respectively, are independent ofprotein synthesis. The low amount of radioactivity recovered in the protein fraction even in the absence of cycloheximide (Fig. 8) could be accounted for by the presence of high concentration of leucine (10-2 M). Leucine might increase significantly the size of the amino acids' pool and thus retard the incorporation of L[44C]asparagine or its metabolic products into proteins.
The fate of the 14C label from transported radioactive asparagine was studied after 1-and 5-min incubation periods, respectively. Uptake was carried out by nutrient-sufficient mycelium under conditions described for the specific system. The mycelium was extracted immediately with boiling 80% ethanol, and the extract was subjected to ion-exchange chromatography. Above 90% and about 80% of the radioactivity were recovered in the cationic fractions after 1 and 5 min, respectively. The cationic fractions were used for thin-layer chromatography by the procedure described in Materials and Methods. After a 1-min incubation 80% of the 14C-labeled material was detected as [14C]asparagine, and 15% was present in the aspartate spot. At 5 min 68% of the radioactivity was recovered as asparagine, whereas 16 and 8% were detected in glutamine and aspartate, respectively. The latter results suggest that [14Clasparagine is metabolized to glutamine.
Glutamine rather than asparagine is accumulated in the mycelium of S. botryosum when grown on asparagie as a sole nitrogen source (A. Breiman and I. Barash, unpublished observations).
Assuming that about 80% of the mycelial wet weight is water and there is no intracellular (6), the intracellular concentration of asparagine was 0.02 M after a 5-min incubation period. This amount of asparagine represents a concentration gradient of 20:1 between the mycelial cells and external environment. The data presented imply that the specific permease can mediate the transport of asparagine into nutrient-sufflcient mycelium against a concentration gradient.
Effect of nitrogen source on the specific permease levels. To determine the effect of nitrogen source on levels of the specific permease, mycelium was grown on nitrogen sources listed in Fig. 9 . After 5 days the activity of the specific system was measured in nutrient-sufficient mycelium. Cells grown on asparagine had the highest level of transport activity, whereas cells grown on KNO3, NH4Cl, and asparagine with NH4Cl, respectively, showed 50 to 60% of that recorded for asparagine (Fig. 9) . 
DISCUSSION
Results of the present study indicate that asparagine uptake in S. botryosum is mediated by two active transport systems which are distinguishable on the basis of specificity, regulation, and kinetic properties. One of the systems is relatively specific for L-asparagine and Lglutamine, whereas the other is a nonspecific permease corresponding to the general transport system reported for other fungi (1, 2, 4, 11). The levels of the two systems depend on the nutritional status of the mycelium. Transinhibition and turnover of a permease component, respectively, are proposed mechanisms through which intracellular metabolites might control the activity and amount of a transport system (9) . The former and latter mechanisms are not mutually exclusive, and both might be responsible for the development of the transport systems during starvation. Although the levels of the specific and nonspecific permeases increased during starvation, the rate of develop-VOL. 127, 1976 on July 6, 2017 by guest http://jb.asm.org/ ment and time required to attain maximal level were different (Fig. 2) . These results might indicate that the two systems are independently regulated by intracellular metabolites. The existence of the specific and nonspecific permeases for L-asparagine in starved cells was further supported by inhibition studies. Thus a-amino acids inhibited L-[14C]asparagine transport by only 50 to 60%, whereas inhibition of 80% was exerted by either L-asparagine or Lglutamine. The sole presence of the specific permease in nutrient-sufficient mycelium is inferred from the insensitivity of asparagine transport to competition by L-leucine (Fig. 1) . The level of the latter permease was only slightly higher in cells grown on asparagine than on inorganic nitrogen sources (Fig. 9) . Therefore, it appears unlikely that the specific system is inducible, and its various levels might be accounted for by differences in turnover rates (9) .
In addition to the nonspecific permease, two other patterns of specificity for asparagine uptake have been encountered in microorganisms. A highly specific permease which appears to exclude L-glutamine has been described in E. coli (17) . The only compounds providing an effective competition for the latter system were four-carbon analogues of the Lisomer with alteration in the ,8-amide position (i.e., /3-aspartyl hydroxamate). On the other hand, asparagine uptake in L. plantarum is mediated by a group-specific permease which exhibits similar interaction with L-glutamine and L-asparagine (5) . Hydroxamates of either Lasparagine or L-glutamine were moderate but equally effective competitors of L-asparagine transport (5) . Similarly to L. plantarum, the specific system of S. botryosum was restricted to L-isomers of dicarboxylic amino acids amides (Table 2 ) and displayed the same affinity for Lglutamine and L-asparagine (Fig. 5) . However, in contrast to the former permease, the latter system interacted preferentially with ,8-amides derivatives of L-asparagine than with corresponding derivatives of L-glutamine (Table 3) . The foregoing data indicate that in spite of the apparent similarity in the specificity towards natural substrates, differences in the stereospecific requirements between the systems of L. plantarum and S. botryosum do exist. It is noteworthy that the ,8-amide derivatives of Lasparagine were effective competitors of the highly specific permease of E. coli (17) . The derivatives served as better substrates for the permease of S. botryosum than y-amide derivative of L-glutamine. On the basis of these observations it might be attractive to postulate that during evolution L-asparagine preceded L-glutamine as a substrate for the group-specific permease of S. botryosum.
Several transport systems have been demonstrated to develop in response to nutrient deficiency (1, 2, 6, 9, 13). In nutrient-sufficient mycelium the substrates of these systems are taken up extremely slowly by free diffusion (9) . Unlike the latter phenomenon, the uptake of Lasparagine into the nutrient-sufficient mycelium of S. botryosum is an energy-dependent and carrier-mediated process. Its dependence on metabolic energy is visualized by an almost complete inhibition of uptake by azide or pentachlorophenol. The transport of L-asparagine occurred against its concentration gradient and showed saturation kinetics with a K,m of 4.4 x 10-4 M and a Vmax of 1.1 ,umol/g per min. The Km value of the specific permease is similar to that reported for L. plantarum (5) . However, it is significantly higher than Michaelis constants obtained for the nonspecific permease (Km = 7 x 10' M) and for many different amino acids permeases reported for other fungi (6) . Considering the prevalence of glutamine and asparagine in nature as storage compounds for nitrogen, the relatively lower affinity to these substrates could evolve from physiological adaptation to availability of substrates in higher concentration.
It is of interest to note that in spite of the common requirement for metabolic energy, the specific system was entirely insensitive to arsenate which inhibited the nonspecific permease (Table 1) . Arsenate was shown to act differentially on distinct transport systems. Thus it abolished glutamine transport in E. coli (16) but had no effect on lysine transport in P. chrysogenum (6) . The differential response of the specific and nonspecific systems, respectively, to arsenate can be difficult to interpret correctly, since it is possible that the transport of arsenate into nutrient-sufficient mycelium was extremely low. It should be pointed out that ammonia did not show any inhibitory effect on the general amino acid permease (Table 2) . Ammonia has been reported as an effective inhibitor of the nonspecific amino acid permease in filamentous fungi (7) and yeast (14) . The lack of inhibition by ammonia in nitrogen-and carbon-starved mycelia of S. botryosum could result from inaccessibility of the cells to ammonia transport under the latter conditions (7). 
